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ABSTRACT: The properties of a swellable organically modified
silica (SOMS) scaffold allowed us to synthesize “smart” catalysts
with tunable accessibility of the active sites induced by organic
swelling agents. Pd nanoparticles (NPs) deposited inside the
swollen matrix of SOMS were shown to be selectively located on
the interior surface, a surface which is only available through
swelling. Techniques such as near ambient-pressure X-ray
photoelectron spectroscopy (NAP−XPS) and cryogenic scanning
electron microscopy (SEM) were employed to characterize Pd/
SOMS in its swollen as well as unswollen state because their
conventional counterparts do not preserve the swollen state of
Pd/SOMS during spectral acquisition. The results obtained
depicted significant differences between the unswollen and swollen state of Pd/SOMS. The most important difference is that Pd
NPs became accessible on the surface after exposure to an organic compound. This indicates that the accessibility of the active
sites can be controlled by changing the reaction environment, hence allowing a tunable accessibility induced by organic swelling
agents. The effects of the extent of swelling on the catalytic activity were investigated by performing catalytic activity
experiments in the presence of an organic swelling agent. Hydrodechlorination (HDC) of trichloroethylene (TCE), an
important method of catalytic water abatement, was chosen as a model reaction. The catalytic performance was found to be
proportional to the concentration of the organic swelling agent, indicating that the accessibility of active sites is related to the
concentration of organic compounds. While the unavoidable reaction product HCl inhibited the commonly used HDC catalyst
1%Pd/Al2O3, 1%Pd/SOMS was able to maintain its rate throughout the reaction under the same conditions, indicating its
resistance to the inhibition. Overall, a silica-based catalyst with tunable accessibility of the active sites induced by changes in the
reaction environment can have significant implications for heterogeneous catalysis.

KEYWORDS: swellable organically modified silica (SOMS), organosilicate, swelling, smart catalytic materials,
stimuli-induced materials, hydrodechlorination, trichloroethylene

1. INTRODUCTION

Animated materials are a class of materials whose character-
istics exhibit stimuli-induced responses where the stimuli are
pH,1−4 temperature,5,6 or exposure to organics in the gas,
liquid, or solid phase.7−11 The development of such materials
opens opportunities for engineering heterogeneous “smart
catalysts” with improved activity, selectivity, and resistance to
deactivation. There is a variety of animated materials reported
in the literature including hyper-cross-linked polymers,7,8,12,13

hydrogels,1−,3,1415 and swellable organically modified silica

(SOMS).9−11,16−20 Unlike conventional catalytic supports such
as silica, carbon, or alumina, the animated materials do not
have an inelastic structure with a constant porosity under
working conditions.
Hyper-cross-linked polymeric materials are one of the

earliest type of animated materials that have benzene-ring
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containing groups such as divinylbenzene and styrene in their
structure. When hyper-cross-linked polymers are synthesized in
the presence of a solvation diluent, solvent, and a cross-linking
agent, copolymerization of monomers creates a polymeric
network with divinylbenzene bridges. During copolymeriza-
tion, phase separation takes place, and two phases form: the
cross-linked polymer and the solvent. Upon the removal of the
solvent by evaporation, a cross-linked polymer is obtained.
Depending on the type of the cross-linking agent and degree of
cross-linking, the resulting material may have conformational
mobility and exhibit swelling upon contact with water or
organics.7,8,12,13 In addition, hydrogels prepared from poly-
meric precursors exhibit pH-dependent swelling behavior upon
contact with water. The use of such materials for drug delivery
purposes was studied.1,3,15,21 Since hydrogels are hydrophilic in
nature, their applicability to catalysis and adsorption may be
limited because the hydrophilicity of hydrogels may limit the
efficiency of the extraction of dissolved organics from water.9

In addition, the hydrophilicity of hydrogels may lower the
resistance to deactivation due to anionic groundwater poisons
when used for catalytic treatment of water.
Any material which has an organic bridge within the

structure connected to a benzene ring is a candidate material to
exhibit stimuli-induced swelling behavior.13 However, finding
the right conditions to synthesize such materials requires many
experimental studies. Edmiston and co-workers developed a
well-defined set of synthesis conditions to obtain a swellable
organo-silica material (SOMS) derived from a matrix of cross-
linked polysilsesquioxanes.9−11 SOMS was synthesized by
polycondensation of alkoxysilane monomers in a solvent via
the sol−gel process. An organic−inorganic network was
formed through the formation of a colloidal suspension and
gelation of the suspension. A three-dimensional porous
siloxane network was obtained after polymerization, followed
by several chemical steps including hydrolysis, alcohol
condensation, and water condensation. After the gelation, the
solvent was removed by evaporation.9−11

The siloxane-based network of SOMS has a benzene ring
with an aryl group which acts as an organic bridge and gives it
a flexibility to swell rapidly upon contact with organic
compounds. The unswollen matrix of SOMS is under a
tensioned-state due to tensile forces generated and stored by
the capillary-induced collapse of the matrix upon drying during
synthesis. The organic compounds disrupt noncovalent
interactions, causing a subsequent release of the tensile energy
stored by distortion of a collapsed pore structure on drying.
SOMS has a highly cross-linked network that retains its
flexibility to expand and contract upon exposure to organic
liquids. When conventional mesoporous silica is exposed to
organic compounds, either its structure undergoes irreversible
damages due to fracturing during the solvent removal step or
the degree of cross-linking may increase due to additional Si−
O−Si formation. It has been reported that swelling is highly
dependent on sol−gel synthesis conditions and can only be
produced under a narrow set of experimental parameters.
Because of its hydrophobic nature, SOMS does not swell when
exposed to water, but it swells when exposed to organic
compounds.9−11 SOMS is thermally more stable than other
polymeric animated materials because of its organosilicate
structure. Therefore, SOMS, among other animated materials,
has more potential to be used as a catalyst scaffold.
The uses of animated materials as catalytic scaffolds were

not exploited despite their novel characteristics. We hypothe-

size that if active sites can be incorporated into the swollen
matrix of SOMS, deactivation resistance of solid-catalyzed
reaction system could be significantly improved. Considering
that catalytic water treatment systems including, but not
limited to, hydrodechlorination, hydrogenation, and defluori-
nation reactions suffer from deactivation issues, the prospects
of using a deactivation-resistant catalyst such as Pd/SOMS
would be high. The key for development of poison-resistant
catalyst, however, resides in SOMS’ ability to exhibit stimuli-
induced behavior during Pd-incorporation in synthesis and
under reaction conditions. The accessibility of Pd NPs
deposited inside the swollen matrix of SOMS is expected to
strongly depend on the extent to which SOMS swells. For this
reason, investigations are needed to confirm that active metals
can be selectively located in the swollen matrix of SOMS, and
the accessibility of Pd NPs can be altered by the reactive
environment under working conditions.
Aqueous-phase hydrodechlorination (HDC) of trichloro-

ethylene (TCE) was chosen as a model reaction to
demonstrate catalytic performance of Pd-incorporated SOMS
in its unswollen and swollen state. HDC is one of the widely
studied reactions from applied and fundamental catalysis point
of view. It is an elimination-based remediation technique in
which chlorinated compounds react with H2 and are
catalytically converted to chloride-free hydrocarbons and
HCl. There has been ongoing research on HDC of chlorinated
compounds where promising conversions and catalytic
activities were obtained with the palladium-based state-of-
the-art catalysts.22−32 The existing hydrodechlorination cata-
lysts reported in the literature, however, suffer from catalyst
poisoning due to anionic species present in real groundwater,
inhibition by the unavoidable reaction product HCl, the
formation of carbonaceous species on active sites, and active
metal leaching.24,25,33−43 In our present contribution, studies
were performed to confirm whether active metals can be
selectively located in the swollen matrix of SOMS and to
understand the behavior of the active sites with respect to
different reactive environments. Catalytic activity experiments
and characterization studies were performed to examine
properties of SOMS and Pd-incorporated SOMS in their
unswollen and swollen states. The challenges of keeping
SOMS and Pd/SOMS in the swollen form during spectral
acquisition were overcome by use of advanced characterization
techniques such as NAP−XPS, cryogenic SEM, and in situ X-
ray absorption spectroscopy.

2. EXPERIMENTAL SECTION
2.1. Catalyst Synthesis. The synthesis procedure of

SOMS scaffold was reported previously by Edmiston and his
co-workers.9−11 Palladium was impregnated to SOMS
thorough incipient wetness impregnation (IWI) technique.
In a typical synthesis, Pd(II) acetate (Sigma-Aldrich 99.9%)
was dissolved in acetone and then added dropwise to the
SOMS until Pd-containing solution saturated the scaffold. The
saturated SOMS was dried at room temperature. The
saturation and drying steps were repeated until all the
precursor solution was consumed. The resulting Pd/SOMS
catalyst was first reduced by NaBH4 dissolved in 95% ethanol
solution, washed with ethanol, and dried at 70 °C overnight. In
addition, 0.5%Pd/Al2O3 and 1%Pd/Al2O3 catalysts were
purchased from Sigma-Aldrich and reduced at 350 °C with H2.

2.2. Nitrogen Physisorption. Nitrogen physisorption
experiments were performed at 77K on an accelerated surface

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b01700
ACS Catal. 2018, 8, 6796−6809

6797

http://dx.doi.org/10.1021/acscatal.8b01700


area and porosimetry instrument (ASAP-2020, Micromeritics).
Prior to analysis, catalysts were degassed at 120 °C and 2
μmHg for 12 h to remove moisture and adsorbed gases. The
surface area of catalysts was determined by the Brunauer−
Emmett−Teller (BET) method at the relative pressure (P/P0)
range of 0.06−0.2. The pore volume and pore size of the
catalysts were determined by the Barrett−Joyner−Halenda
(BJH) method from the amount desorbed at the relative
pressure of 0.984. The pore size distribution of catalysts was
also determined by applying the BJH method to the desorption
isotherm. In order to assess the microporosity of SOMS and
1%Pd/SOMS, αs-plot analysis was performed by following the
procedure reported by Jaroniec et al. and using standard
reduced nitrogen adsorption data for LiChrospher Si-1000, a
macroporous silica reference material.44

2.3. Static Vapor-Phase Adsorption. Static vapor
equilibrium adsorption experiments were performed at 25 °C
using Pyris 1 PerkinElmer thermogravimetric analyzer. A
certain amount of sample, SOMS scaffold, or 1%Pd/SOMS
catalyst, in powder form, was placed in the analyzer and
weighed under dry air. A static condition of saturated vapor
was created by adding 5 mL of liquid acetone or water, inside
the sealed 50 mL chamber of the thermogravimetric analyzer,
thus allowing SOMS materials to be continuously exposed to
gas phase water or acetone. The changes in the mass of the
SOMS materials upon exposure to acetone or water vapor were
recorded over time until equilibrium was reached.
2.4. CO Pulse Chemisorption. Chemisorption experi-

ments were performed in pulse mode using CO as a probe
molecule to obtain information about the accessibility of Pd
NPs to the probe molecule. Experiments were performed in a
homemade chemisorption system which is equipped with a six-
port valve having a sample loop for CO injection, mass flow
meters to create the desired gas environments, a Carbolite
MTF 10/15/130 furnace, and a mass spectrometer (MS)
(MKS − Cirrus II) operated in scanning ion mode. A certain
amount of catalyst was placed in a 4 mm-ID quartz reactor and
supported by quartz wool plugs. Then, the reactor was
positioned at the center of the furnace and the exit stream was
connected to the MS where concentration of m/z = 28 signal
was monitored throughout the experiment.
1%Pd/SOMS and 1%Pd/Al2O3 catalysts were used as

described in Section 2.1. Prior to CO injections, catalysts
were pretreated at 110 °C for 1 h under 30 ccm He flow to
remove moisture and weakly bound CO2. After the pretreat-
ment step, temperature was reduced to 40 °C. Once the
temperature and MS signals were stable, CO pulses were sent
to the catalyst bed. The total amount of CO uptake at each
pulse was calculated by calibrating the MS for a pulse of CO
through the empty bed.
2.5. DRIFTS of Adsorbed CO. The interactions of

adsorbed CO with Pd-incorporated SOMS was examined
through in situ diffuse reflectance Fourier transform spectros-
copy (DRIFTS) at 40 °C. Thermo NICOLET 6700 FTIR
spectrometer equipped with a cryogenic MCT detector and
KBr beam splitter was used. 1%Pd/SOMS in powder form was
grinded and loaded into the sample chamber of an in situ
reaction cell (Praying Mantis, Harrick Scientific Products,
Pleasantville, New York) in which the gaseous environment
and temperature can be controlled. Before CO adsorption, the
cell was flushed with He at room temperature, pretreated at
110 °C, and cooled to 40 °C under 30 ccm He. A background
spectrum was collected at this temperature before introducing

CO to the cell. CO was adsorbed on the sample for 30 min.
Once the adsorption was over, the gas flow was switched to He
and the spectrum was acquired after the gas phase CO was
flushed with He. The spectrum consisted of 450 scans at 4
cm−1 resolution. The background spectrum collected before
CO adsorption was subtracted from the sample spectrum by
using OMNIC 8.1 software.

2.6. X-ray Photoelectron Spectroscopy. XPS experi-
ments were carried out in a Kratos Ultra Axis Spectrometer
equipped with a monochromatized Al Kα X-ray source
operating at 12 kV and 10 mA. Powder samples were loaded
on a carbon tape and placed in the XPS chamber. After
evacuation overnight, a survey scan followed by high resolution
region scans were collected. The depth profiles of Pd-
incorporated SOMS was investigated by sputtering the top
layers of the surface with an Ar+-ion gun operating at 3 kV. The
charging effects were corrected with respect to C 1s (284.5
eV). Deconvolution and data analysis were performed by using
CasaXPS 2.3.16 software.

2.7. Near Ambient Pressure−X-ray Photoelectron
Spectroscopy (NAP−XPS). The changes in the Pd 3d region
upon exposure to ethanol vapor were investigated with an in-
house NAP−XPS using monochromatized Al Kα X-ray.45−47

Two NAP−XPS experiments were performed. In the first
experiment, Pd/SOMS was deposited on a carbon tape
without any solvent. The spectrum was acquired under UHV
at 25 °C. In the second experiment, Pd/SOMS was mixed with
ethanol to induce swelling and immobilized on carbon tape.
The sample holder was placed in the chamber and excess
ethanol was vaporized at 60 °C. The temperature was reduced
to 25 °C, and a spectrum was collected. Both spectra were
calibrated with respect to C 1s at 284.5 eV.

2.8. Time-Resolved X-ray Absorption Near Edge
Structure (XANES) SpectroscopyAqueous-Phase In
Situ Reduction of Pd. An aqueous-phase in situ XAFS
reactor system was built to study the reduction behavior of Pd
in preoxidized 1%Pd/SOMS and 1%Pd/Al2O3 catalysts at
room temperature and atmospheric pressure. The design
details and operating procedures of the in situ XAFS reactor
described by Kispersky et al.48 and Fingland et al.49 were
followed with some modifications. Deionized water saturated
with H2 was sent to the XAFS reactor at a flow rate of 1 mL/
min. The reactor dimensions were decided after calculating the
transmittance of several tubes with different wall thicknesses
and outside diameters. On the basis of the calculations, an
NMR tube with an OD of 0.197 in. and ID of 0.167 in. was
used, resulting in an absorbance of 0.25 due to reactor and 3.20
due to catalyst at the Pd K edge. The NMR tube was fused to a
0.25 in quartz tube on both ends and connected to the system
by using O-ring seals and vacuum connections. A known
amount of catalyst was grinded, loaded into the reactor, and
supported from both sides with quartz wool plugs.
Palladium K edge (24.350 keV) X-ray absorption fine

structure (XAFS) measurements in transmission mode were
performed on the insertion device beamline of the Materials
Research Collaborative Access Team (MRCAT-10ID) at
Advanced Photon Source at Argonne National Laboratory.
Measurements were performed in quick-scan mode. A
cryogenically cooled double-crystal Si(111) monochromator
was used with a Pt-coated mirror to minimize the presence of
harmonics. The spectrum reproducibility was ensured by
obtaining multiple scans before the time-resolved reduction
experiment. A Pd foil spectrum was acquired simultaneously
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with each measurement for energy calibration. The Pd edge
energy was determined as the position of the maximum of the
first peak in the first derivative of the XANES region. Average
oxidation state of Pd NPs was obtained by fitting the XANES
spectra as a linear combination of the spectra for the
prereduction and postreduction samples, oxidation states of
which were obtained using the EXAFS analysis. The Athena
software was used for the XANES analysis.50 Standard
procedures were followed to extract EXAFS data by using
WINXAS 3.2. software.51 Phase shifts and backscattering
amplitudes were obtained experimentally from EXAFS spectra
of Pd foil for Pd−Pd (12 at 2.75 Å) and palladium oxide for
Pd−O (4 at 2.05 Å). The EXAFS coordination parameters (N:
coordination number and R: bond distance) were obtained by
a least-squares fit in R-space and k-space of the nearest
neighbor.
2.9. Cryogenic Scanning Electron Microscopy. The

morphological changes of samples upon swelling were
characterized by cryogenic scanning electron microscopy
using Helios 600 operating at an accelerating voltage of 5
kV. The SEM was equipped with a cryogenic stage (Quorum
PP3010) for low-temperature SEM imaging. SOMS and Pd/
SOMS catalysts in their powder form were mixed with a few
drops of ethylene glycol to induce swelling. Ethylene glycol-
containing samples along with their dry counterparts were
placed on a sample holder and transferred into cryo-
preparation chamber where the samples were first cooled to
133 K and then pumped down to vacuum. After coating the
samples with Pt, the sample holder was transferred into the
SEM chamber where the ethylene-glycol containing samples
remained swollen during imaging.
2.10. Catalytic Activity Experiments. Aqueous-phase

HDC of TCE experiments were performed over Pd/SOMS
and Pd/Al2O3 at 50 bar and 30 °C, unless otherwise stated.
The autoclave reactor was loaded with 200 mL of starting
solution containing 1000 ppm TCE. Experiments were also
performed in the presence of 1% or 10% ethanol in the
reaction solution. A known amount of catalyst was loaded to
the catalyst addition device and secured in the headspace of
the reactor. Before H2 introduction, the reactor was flushed
with He to eliminate the presence of O2 in the reactor. Once
the flushing was over, and the temperature was stable at 30 °C
(the lowest reaction temperature that can be accurately
controlled throughout the reaction), the reactor was
pressurized up to 50 bar to ensure the presence of excess
H2, providing a molar ratio of H2 to TCE higher than 10.
Moreover, there is a pure-H2 headspace over the reaction
solution forming a sufficient reservoir of H2.
Before the introduction of catalyst to the reaction solution, a

liquid sample was taken from the reactor to determine the
initial concentration of TCE. The initial concentration of TCE
was found to be approximately 250 ppm. The activity
experiments were performed with high initial concentrations
of TCE, which may be more relevant to wastewater treatment
systems, the activity results can be informative for groundwater
treatment systems as well where TCE concentrations are
typically low52 The catalyst addition device was activated to
start the reaction and liquid samples were taken throughout
the reaction at periodic intervals via a 1/16 in. OD sampling
tube that extends to the bottom of the reactor. The sampling
tube has a filter which keeps the catalyst particles inside the
reactor while sampling. It is attached to an airtight vial from
which samples were taken with a gastight syringe.

The liquid samples taken from the reactor were analyzed
using HPLC equipped with a UV−vis detector (Shimadzu,
SPD-20A). The HPLC was operated in binary-mode phase
where the mobile phase is 50% acetonitrile and 50% water.
The mobile phase underwent gradient elution to 95%
acetonitrile and 5%water during the analysis. The analysis,
separation, and quantification of Cl-containing products and
unconverted educts were achieved with the help of an injection
loop with a known volume, an injection valve, and C18 column
as well as using tetrahydrofuran as a standard.
The concentration of HCl was measured with a selective

chloride electrode (Cole Palmer, UX-27504-08). Chloride
balance was performed to ensure the mass balance of the
system. A chloride balance of 96% or higher was obtained
indicating the accuracy of the measurements and confirming
that undetected Cl-containing species or loss of volatile
compounds during the reaction was negligible. The selectivity
(Si) of chloride-containing products was calculated by using eq
1.

=
×

= −
S t

a n t
n t n t

( )
( )

3( ( 0) ( ))i
i i

TCE TCE (1)

where ai is the number of chloride atoms present in the
product i, nTCE(t) is moles of TCE in the reactor at time t. For
instance, for 1,1-DCE, cis-1,2-DCE, and trans-1,2-DCE, ai is
equal to two, whereas for vinyl chloride and HCl, ai is equal to
one.
It should be noted that the operating parameters used in this

study including high pressure and use of ethanol to swell Pd/
SOMS are not directly applicable to catalytic water treatment
systems. 50 bar was chosen as the operating pressure to
perform HDC experiments in excess H2. Ethanol was chosen
as an organic swelling agent to demonstrate the changes in the
catalytic activity and accessibility of Pd NPs on SOMS.

3. RESULTS AND DISCUSSION
3.1. Characterization of SOMS and Pd/SOMS.

3.1.1. Nitrogen Physisorption. Nitrogen physisorption experi-
ments were performed to examine the textural properties of
SOMS and the changes therein upon Pd incorporation.
Textural properties, surface area as determined by the BET
method, and average pore volume and average pore size, as
determined from BJH desorption isotherm, of SOMS and 1%
Pd/SOMS are shown in Table 1. Incorporation of Pd to

SOMS did not change the surface area significantly. There
were, however, notable decreases in the average pore volume
and the average pore diameter due to Pd incorporation.
BJH pore-size distribution plots and nitrogen adsorption−

desorption isotherms of SOMS and Pd-incorporated SOMS
are shown in Figure 1. When pore size distributions were
examined, it can be seen from Figure 1a that BJH pore size
distribution of SOMS is centered around three peaks at 3.8,
6.3, and 11.2 nm, and that of Pd/SOMS is centered around 3.7
and 5.4 nm. The peaks at 3.8 and 3.7 nm in the pore size
distribution of SOMS and 1%Pd/SOMS are due to artifacts of

Table 1. Textural Properties of SOMS and 1%Pd/SOMS

samples
BET surface area,

m2/g
pore volume,

cc/g
pore diameter,

nm

SOMS 614 0.94 5.4
1%Pd/SOMS 590 0.73 3.9
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nitrogen adsorption measurements and will be discussed in
more detail later in the manuscript. SOMS exhibited a bimodal
porous structure with small pores at 6.3 nm and large pores at
11.2 nm. Fuertes et al. characterized the small mesopores as
structural mesopores and the larger mesopores as comple-
mentary mesopores, which formed during sol−gel synthesis
after the syneresis step.53,54 In addition, pores larger than 30
nm were also noted in the pore size distribution plot of SOMS.
The wide nature of the pore size distribution of SOMS
suggests that the porous structure is not well-ordered.53 Pd-
incorporation changed the pore size distribution significantly.
The bimodal porous structure of SOMS turned into a
unimodal porous structure with pore size distribution centered
at 5.4 nm. The pore size of the small pores of SOMS decreased
from 6.3 to 5.4 nm upon Pd incorporation. The most plausible
explanation for the shrinkage of the smaller pores is the Pd
deposition on the walls of the pores. No peaks were noted at
large pore diameters, indicating that the complementary pores
observed over SOMS were lost after Pd impregnation. This
could be attributed to pore blocking by large Pd clusters.
Adsorption−desorption isotherms of both samples, shown in

Figure 1b, exhibited monolayer adsorption of nitrogen at low
relative pressures where P/P0 is less than 0.2 and type-IV
isotherm with a hysteresis caused by capillary condensation of
N2 over a wide relative pressure range, both of these are
characteristics of mesoporous materials.55 The hystereses
observed on SOMS and 1%Pd/SOMS are, however, different
in nature indicating that structural differences exist in the
porous network of SOMS and 1%Pd/SOMS. According to
IUPAC’s hysteresis classification, hystereses of SOMS and 1%
Pd/SOMS can be characterized as H4 and H2, respectively.55

The disappearance of the complementary pores due to Pd
impregnation was also confirmed by comparing the isotherms
of SOMS and Pd/SOMS. Unlike SOMS, the hysteresis
observed over Pd/SOMS did not extend to higher relative
pressures due to the absence of larger mesopores. Large pores
are typically filled at high relative pressures around 0.9.56,57

The broad nature of the hysteresis observed over SOMS is a
direct consequence of the bimodal porous network and
swellable nature. The observed H4-type hysteresis occurred
because of bimodal porous structure, and additionally, the
adsorption and desorption branches of the isotherm did not
overlap at low P/P0 values, indicating the presence of a distinct
hysteresis. This type of hysteresis is called sorption hysteresis
and is observed in swellable materials such as hyper-cross-
linked polystyrenes.12 The onset of H4-hysteresis, however,
can be considered as the relative pressure of 0.45, where the
magnitude of hysteresis increased prominently compared with
lower relative pressures. The corresponding forced closure
observed around P/P0 = 0.45−0.50 on the desorption isotherm
is an indication of tensile strength effects and has been
reported to cause a peak around 4 nm in the pore size
distribution plot.58 The desorption branches shown in Figure
1b, particularly that of Pd/SOMS, exhibited such a feature with
a corresponding peak at 3.7 nm in the pore size distribution
plot. Groen et al. reported an approach to figure out whether
the peak obtained around 4 nm is a real feature or an artifact of
gas adsorption measurements.58 As per the approach, the pore
size distributions obtained from the desorption branch and the
adsorption branch of the isotherm were compared to see
whether both distributions exhibit similar peaks. A peak
originating from the tensile strength effect appears on the pore
size distribution plot obtained from the desorption branch of
the isotherm, but it does not appear on the pore size
distribution obtained from the adsorption branch because the
latter is not subject to tensile strength effects.58 The
comparison revealed that the peak at 3.8 nm for SOMS and
the peak at 3.7 nm for 1%Pd/SOMS were due to artifacts of
gas-adsorption measurements and do not originate from the
existence of real pores.
In order to assess whether micropores are present in SOMS,

the αs-plot (shown in Figure S1) was created by using the
standard reduced nitrogen adsorption isotherm data for
LiChrospher Si-1000 macroporous silica.44 A linear αs-plot
was obtained at standard reduced adsorption values less than
1.0, indicating the absence of detectable amount of micro-
porosity in SOMS. In addition, the upward deviation from the
linear behavior in the capillary condensation region (αs ∼ 2)
and the amount of adsorbed nitrogen reaching to a stable level
at higher standard reduction values are consequences of
nitrogen adsorption on the mesoporous structure of SOMS.
The linear relation obtained at low standard reduced
adsorption data could also be attributed to similar adsorption
energy of nitrogen on SOMS and LiChrospher Si-1000
macroporous silica. This is of importance because SOMS
contains organic functional groups and these groups do not
have a significant effect on the adsorption energy of nitrogen.44

At this point, it is beneficial to note that the BET method is
unable to measure the “true” surface area of SOMS and 1%Pd/
SOMS. The inherent difficulty is that these animated materials
do not have an inelastic structure with constant properties such
as surface area, pore diameter, and porosity under reaction
conditions. As mentioned in the Introduction, SOMS is an
animated catalytic scaffold whose volume expands upon
exposure to organic chemicals. The swelling process enhances
its surface area, pore volume, and pore size. SOMS returns to
its unswollen state upon removal of the swelling agent because
the swelling process is reversible.9−11,19,20 The fact that SOMS
cannot be kept at its swollen state due to the lack of an organic
swelling agent during nitrogen physisorption measurement

Figure 1. (a) BJH pore size distributions and (b) N2 adsorption−
desorption isotherms of SOMS and Pd-incorporated SOMS.
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results in measuring the surface area of SOMS at its unswollen-
state. The surface area and pores which would be generated
upon swelling are inaccessible to nitrogen during N2
physisorption experiment. The inaccessible pores cannot be
detected by nitrogen physisorption. Similar problems were
experienced by other researchers as well when dealing with
swellable hyper-cross-linked polymer-based animated materi-
als.13 Therefore, it can be stated that the textural properties
obtained by nitrogen gas adsorption experiment under-
estimates the available surface area and pore dimensions of
SOMS and Pd/SOMS.13

3.1.2. Static Vapor-Phase Adsorption Measurements.
Static vapor-phase adsorption experiments were performed to
determine the changes in the hydrophobicity and adsorption
capacity of SOMS scaffold due to Pd incorporation, by using
water vapor and acetone vapor, respectively. The percent
increase in the mass of SOMS and Pd-incorporated SOMS
with respect to exposure time of acetone vapor and water
vapor are shown in Figure S2. At equilibrium, acetone uptake
of SOMS was found to be 38 times the amount of water
adsorbed on SOMS. These uptake values are expected because
SOMS has high affinity for adsorbing organics while repelling
water vapor due to its hydrophobicity.10,11,18 Upon Pd
incorporation, acetone adsorption behavior did not change
significantly, if anything somewhat increased. Pd-incorporation
increased the amount of water adsorbed. However, the
material still retained a high hydrophobicity, exhibiting an
equilibrium ratio of acetone uptake to water uptake of around
7.18,19

3.1.3. CO Pulse Chemisorption. CO was used as a probe
molecule to perform pulse chemisorption experiments with the
aim of obtaining the amount of CO uptake and information
about the accessibility of Pd NPs deposited on SOMS. CO was
introduced to the reactor bed by pulses. The evolution of m/z
= 28 signal through mass spectrometer is shown in Figure 2.

Each pulse corresponds to a feed of 1.22 mmol of CO. The
pulse chemisorption profile of 1%Pd/SOMS is interesting and
unconventional. Except a slight CO uptake in the first pulse
corresponding to 0.04 mmol/mgPd, no CO uptake was
observed during additional pulsing. The bare SOMS did not
exhibit any measurable CO uptake indicating that the CO
uptake is primarily due to the interaction of the probe
molecule with Pd. Experiments were also performed over
commercially available HDC catalyst 1%Pd/Al2O3. As

observed in Figure 2, partial uptake of the first five CO pulses
occurred on 1% Pd/Al2O3. From the sixth pulse onward, no
change in the m/z = 28 signal was noted indicating that all
available Pd sites were occupied by adsorbed CO. The total
amount of CO uptake was found to be 3.71 mmol/mgPd.
The CO uptake over Pd/Al2O3 was significantly higher than

Pd/SOMS, although both samples contained the same amount
of the active metal. The observed difference was attributed to
the fact that Pd sites were deposited inside the swollen matrix
of SOMS during synthesis. In other words, during CO pulse
chemisorption studies, Pd/SOMS was in its closed state where
Pd NPs were not accessible on the exterior surface. On the
surface that CO pulses can access, there is a very little presence
of surface Pd as shown by Pd 3d XPS spectrum as explained in
Section 3.1.5. The CO uptake observed over the first pulse was
attributed to the Pd which is on the exterior surface.
Additionally, CO may be too polar to enter the pores of Pd/
SOMS due to its hydrophobicity. For these reasons, it is very
difficult to determine dispersion for Pd/SOMS materials by
sorption techniques because experimental conditions required
by these techniques will keep Pd/SOMS in its unswollen state.

3.1.4. DRIFTS of Adsorbed CO. Infrared spectroscopy of CO
adsorbed on metal surface sites reveals information about the
nature of supported metal catalysts.59−65 Pd-incorporated
SOMS was studied with DRIFTS by using CO as a probe
molecule to gain insight into the properties of Pd incorporated
to SOMS. For this purpose, Pd/SOMS was saturated with CO
and purged with He to remove weakly bound carbonyl species.
The infrared spectrum of Pd/SOMS between 2300 and 1800
cm−1 is shown in Figure 3. There are three distinct bands

observed at 2184, 2053, and 1944 cm−1 which has other
features on the shoulder at lower wavenumbers. The
wavenumber region above 2000 cm−1 contained IR bands
associated with CO adsorption on SOMS and linearly
adsorbed CO on oxidized Pd and metallic Pd. The weak
band at 2184 cm−1 could be attributed to interactions of CO
with the SOMS scaffold which contains Pd sites. On alumina
supports, such a band that appears between 2200 and 2186
cm−1 was attributed to interactions of CO with coordinately
saturated (cus) Al3+ sites.60 IR bands above 2100 cm−1 is
ascribed to CO adsorbed on cationic Pd.59,60 No such bands
were observed indicating that Pd is in metallic state. The 2053
cm−1 band was attributed to CO linearly adsorbed on Pd.60,61

Figure 2. CO pulse chemisorption over 1%Pd/SOMS and 1%Pd/
Al2O3. CO uptake was monitored by mass spectrometer signal m/z =
28.

Figure 3. DRIFTS spectra of CO adsorbed at 40 °C on 1%Pd/SOMS
after flushing with He.
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The 1944 cm−1 band along with the bands at 1925−1830 cm−1

were ascribed to 3-fold bridged CO on Pd in different
adsorption environments.60,62,66 CO adsorption with DRIFTS
experiment was also performed on bare SOMS to verify that
these peaks are indeed due to adsorption of CO on Pd.
It has been reported that the position of the carbonyl bands

depends on factors such as particle size of Pd and surface
coverage of CO.63−65 The low ratio of linearly adsorbed CO to
bridged adsorbed CO and lower IR band positions for these
adsorption groups can be explained by low Pd dispersion on
Pd/SOMS16 and marginally low CO uptake on Pd/SOMS as
shown by pulse chemisorption experiments in Section 3.1.3.
Pd-containing samples with high dispersion and CO surface
coverage exhibit an IR band at 2090 cm−1 due to linearly
adsorbed CO.60 As Pd particle size increases and surface
coverage decreases, the band at 2090 cm−1 and bands due to
bridged CO shift to lower wavenumbers because of changes in
dipole−dipole interactions.62 It is also possible that SOMS as a
scaffold may create a synergic effect which may increase
palladium d-orbital electron availability of Pd/SOMS to back-
donate to 2π* antibonding vacant orbital of CO.59,63

3.1.5. X-ray Photoelectron Spectroscopy and Surface
Sputtering. Pd NPs deposited on SOMS were characterized by
X-ray photoelectron spectroscopy. XPS is a characterization
technique which only probes the surface.67 Since Pd NPs were
embedded inside the swollen matrix of SOMS during synthesis,
no Pd is expected to appear on the surface. For this purpose,
XPS experiments are performed to assess whether Pd is on the
surface or in the bulk of SOMS. The spectrum of Pd 3d region
is shown in Figure 4. As shown in the figure, a horizontal line

with a very weak Pd signal was obtained in the spectrum,
indicating that Pd is not on the exterior surface of SOMS. It
also implies that the incorporation of Pd to the swollen matrix
of SOMS was successful.
The top layers of the surface were removed by Ar ion

sputtering to obtain a depth profiling of Pd NPs deposited on
SOMS. The sputtering was performed for 2 minutes followed
by 2 additional minutes to see the evolution of Pd 3d signal. As

the surface was sputtered, an increase in the Pd signal was
noted, indicating that Pd NPs appeared on the surface as the
top surface layers were removed. The results also confirm that
Pd was deposited inside the matrix of SOMS.

3.1.6. Time-Resolved X-ray Absorption Near Edge
Structure (XANES) SpectroscopyAqueous-Phase In Situ
Reduction of Pd. The reducibility of Pd NPs supported on
Al2O3 and SOMS was examined by time-resolved in situ
XANES spectroscopy. The reduction of Pd was performed in
aqueous-phase with H2-saturated water at room temperature
and atmospheric pressure. The XANES spectra were fitted by
using prereduction and postreduction spectra of the samples as
references. The reduction profiles of Pd/Al2O3 and Pd/SOMS
together with k2-weighted Fourier transform magnitudes of
EXAFS spectra of prereduction and postreduction samples of
Pd/Al2O3 and Pd/SOMS are shown in Figure 5. The reduction
profile shows that both samples were reduced. However, the
extent of reduction within 2 hours and the reduction kinetics
were different over Pd/Al2O3 and Pd/SOMS. At the end of 60
min of reduction, the average oxidation state of Pd NPs on Pd/
Al2O3 was found to be 0, whereas that on Pd/SOMS was
found to be 0.8. Furthermore, the changes in the fraction of
oxidized Pd NPs were fitted to a first-order power law type rate
expression. The reduction profiles were successfully fitted (R2

= 0.97) as shown in the inset of Figure 5a, indicating that the
reduction mechanism over both samples are similar. The
reduction rate constant, obtained from the slope of natural
logarithm of the fraction of oxidized Pd NPs vs time plot, was
0.137 and 0.014 min−1 for Pd/Al2O3 and Pd/SOMS,
respectively.
The fitting results of the reference spectra used in XANES

analysis are shown in Table S1. The prereduction samples were
completely oxidized. After in situ reduction with water
saturated with H2, a metallic-state of Pd NPs was obtained
over Pd/Al2O3, while approximately 20% of Pd NPs were
found to be in 2+ oxidation state over Pd/SOMS. The Pd−Pd
bond distances of Pd NPs over Pd/Al2O3 and Pd/SOMS were
found to be slightly longer than 2.75 Å (Pd−Pd bond distance
in Pd foil). This was attributed to the formation of Pd−H that
is typically observed when Pd NPs are in contact with H2 at
room temperature.68,69 The formation of Pd−H during
aqueous-phase reduction suggests that Pd may also exist in
hydride form under HDC of TCE reaction conditions.
The average Pd NP size can be estimated from the Pd−Pd

coordination number.70 For 1% Pd/Al2O3, a coordination
number of 8.8 gives a particle size of about 4 nm. For 1% Pd/
SOMS, the fit Pd−Pd coordination number is 5.6. However,
this sample is partially oxidized (e.g., about 20% Pd2+ and 80%
metallic Pd). The fit coordination number divided by the
fraction of metallic Pd gives the true coordination number, or
7.0, which is consistent with Pd NPs of about 2.5 nm.

3.2. Characterization Studies Performed in the
Presence of an Organic Swelling Agent. 3.2.1. Near
Ambient Pressure−X-ray Photoelectron Spectroscopy
(NAP−XPS). As explained in the Introduction, Pd/SOMS is
an animated material where the accessibility of Pd NPs may
change as a function of the reaction environment. Pd signal
was not obtained in XPS measurements under UHV, as
reported in Section 3.1.5, because photoelectrons originating
from Pd NPs could not escape from the matrix and lost their
intensity before reaching the detector. If Pd/SOMS could be
maintained in its swollen state during XPS data acquisition,
photoelectrons originating from Pd NPs may be able to escape

Figure 4. XPS spectra of Pd 3d region of 1%Pd/SOMS upon Ar+-ion
sputtering for different durations.
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through the swollen matrix without losing its energy
completely. For this purpose, NAP−XPS experiments were
performed on Pd/SOMS exposed to liquid ethanol. The excess
ethanol was removed from the NAP−XPS chamber by heating
at 60 °C. The spectra obtained over unswollen Pd/SOMS and
Pd/SOMS exposed to ethanol are shown in Figure 6. The

spectrum of Pd/SOMS shown in Figure 6a did not exhibit any
Pd signals, as previously observed under vacuum. The
spectrum of Pd/SOMS exposed to ethanol collected under
the same scanning parameters, however, exhibited a Pd 3d5/2
and 3d3/2 doublet, indicating the presence of Pd NPs on the
surface of the swollen Pd/SOMS. This clearly demonstrates
that the accessibility of Pd particles deposited on SOMS
scaffold increases in the presence of organics. The
deconvolution of the spectrum was not performed due to
low signal-to-noise ratio. There are three reasons why the
obtained spectrum was noisy: (i) the extent to which Pd/
SOMS is swollen during spectral acquisition may not be at its
fullest since continuous evaporation of the solvent due to
vacuum conditions may shrink Pd/SOMS, (ii) the amount of
Pd in Pd/SOMS was one weight percent, approximately
corresponding to 0.1 atomic percent. Therefore, the counts
obtained due to Pd was expected to be low, and (iii) the design
of in-house NAP−XPS with in situ investigation capabilities
were only possible by placing an aperture at the end of the
NAP−XPS reaction cell, resulting in smaller data collection
area and low XPS counts.45

It is well-known that the catalytic surfaces are subject to
change under reaction conditions. In certain cases, new active
surfaces or sites may even be created.45,71−73 This is actually
one of the reasons why NAP−XPS is a powerful tool to
characterize the catalyst surfaces under reaction conditions.
What has been observed over Pd/SOMS, however, is not an
example of such a change. Pd NPs became accessible on the
surface of the catalyst after exposure to an organic compound.
This indicates that the position of the active sites can be
controlled by changing the reaction environment, resulting in
achieving tunable accessibility of the active sites. It is still
possible that, once Pd NPs are made accessible on the surface,
the electronic and geometric structure of the Pd NPs may
undergo some reaction-driven changes due to catalytic
reactions, deactivation, or pretreatment operations. As long
as such operations do not impair the swelling characteristics of
the catalyst, removal of organic reaction environment will
cause Pd/SOMS to shrink and return to its unswollen state
where the active sites are kept inside the bulk of the matrix.

3.2.2. Cryogenic SEM over SOMS and Pd/SOMS. The
morphological changes of SOMS scaffolds induced by swelling
cannot be studied by conventional SEM because solvent

Figure 5. (a) Average oxidation state of Pd obtained from time-resolved in situ XANES spectra over preoxidized Pd/SOMS and Pd/Al2O3. Inset:
plots of natural logarithm of the fraction of oxidized Pd NPs versus time over 1%Pd/SOMS and 1%Pd/Al2O3. The slope indicates the reduction
rate constant. (b) The k2-weighted Fourier transform (FT) magnitudes of prereduction and postreduction samples of 1%Pd/Al2O3 and 1%Pd/
SOMS.

Figure 6. NAP−XPS Pd 3d region of (a) 1%Pd/SOMS and (b) 1%
Pd/SOMS exposed to ethanol.
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evaporation takes place due to the high vacuum conditions
required for imaging. SOMS scaffolds shrink and return to its
unswollen state rapidly upon removal of the swelling agent.11

In order to prevent the evaporation during imaging, SOMS and
Pd-incorporated SOMS were studied by cryogenic SEM. The
swelling was induced by exposure to a few drops of an organic
swelling agent before samples were loaded into SEM cryo-
preparation chamber. Ethylene glycol was used as a swelling
agent because of its low vapor pressure compared to other
organic swelling agents such as ethanol or acetone. The
evaporation of the swelling agent was suppressed by keeping
the samples at 133 K during imaging. This is a unique
advantage of studying SOMS scaffolds in their swollen state by
cryo-SEM, an advantage that cannot be achieved by conven-
tional SEM.
Cryo-SEM micrographs collected over unswollen and

swollen SOMS are shown in Figure 7a,b and 7c,d, respectively.

SOMS in its unswollen state was found to be composed of
approximately 25−30 nm sized particles clustered into small
aggregates. The inspection of the structure of SOMS revealed
the presence of large void spaces ranging from 10 to 70 nm.
Void spaces in a size range of 10−20 nm were defined as
complementary pores while larger void spaces were attributed
to the spacing between clusters of SOMS particles. The pore
sizes observed by SEM are in excellent agreement with the
pore size distribution obtained from the BJH desorption
branch of the isotherm presented in Figure 1a. It should be
noted that the structural mesopores, observed through N2
physisorption, having pore sizes less than 10 nm cannot be

examined by SEM because of its resolution.74 As also
evidenced by the broad nature of the pore size distribution
of SOMS, the absence of a well-ordered porous structure in
SOMS can be seen from the images. The morphology of
SOMS scaffold was found to be similar to the morphologies of
other organosilicate materials prepared by sol−gel synthesis
with a base catalysis or fluoride catalysis.11,74−76

The micrographs of swollen SOMS scaffolds show distinct
changes on the morphology of SOMS scaffolds upon swelling.
The most notable difference was the expansion of the SOMS
matrix. The size and shape of SOMS particles, however,
remained similar to that obtained over unswollen SOMS. This
suggests that the particle sizes of aggregates of SOMS do not
change markedly. A similar conclusion was also drawn by
Burkett et al.11 when SEM micrographs were obtained over
swollen and partially swollen SOMS by critical point drying.
Cryo-SEM images of Pd-incorporated samples are shown in

Figure 7e,f. The cryo-SEM micrograph of Pd/SOMS exhibited
similar surface morphology to that of unswollen SOMS. The
structure was composed of 25−30 nm sized particles clustered
into small aggregates. One difference is, however, that large
void spaces observed over SOMS was not present in Pd/
SOMS. A similar result was also obtained by the pore size
distribution shown in Figure 1a. It is anticipated that the
complementary pores and interparticle void spaces were lost
because of Pd impregnation. The micrograph of the swollen
sample, shown in Figure 7f, also exhibited a physical expansion
due to swelling.
It should be acknowledged that the degree of swelling may

not be at its fullest because it is possible that some of the
swelling agent evaporated during sample handling and imaging,
although care was taken to obtain images as quickly as possible.
Nevertheless, the series of images shown in the manuscript
displays clear differences in morphologies of SOMS and Pd/
SOMS due to swelling.

3.3. Aqueous-Phase HDC of TCE Catalytic Activity.
3.3.1. Aqueous-Phase HDC of TCE over 1%Pd/SOMS: Activity
and Product Distribution. 1%Pd/SOMS was tested for
aqueous-phase HDC of TCE at 30 °C and 50 bar. Prior to
the reaction, 1%Pd/SOMS was reduced with NaBH4. TCE
conversion obtained over 1%Pd/SOMS with respect to time is
shown in Figure 8a with error bars based on standard
deviation. By the end of 40 min, 30% of TCE initially present
in the reactor was converted. TCE conversions obtained at the
end of 80 min and at the end of 6 h were 40% and 60%,
respectively. The main chloride-containing product was found
to be HCl with a selectivity of 91% indicating that HCl is the
main chloride-containing reaction product. Throughout the
reaction, partially chlorinated ethylenes including vinyl
chloride, 1,1-dichloroethylene, trans-1,2-dichloroetylene, and
cis-1,2-dichloroethylene were also observed with low selectiv-
ities as shown in Figure 8b. At the end of 6 h of reaction
duration, the major side product was found to be cis-1,2-
dichoroethylene with selectivity less than 5%. Selectivity values
of the other chloride-containing side products were found to
be zero at the end of 6 h. Selectivity results are important to
demonstrate that TCE was converted to HCl without any
build-up of partially dechlorinated products. It was reported
that build-up of partially chlorinated side products with high
yield values can be observed in other remediation techniques
such as biologically mediated HDC and zerovalent iron
dechlorination.77

Figure 7. Cryo-SEM micrographs collected over (a and b) unswollen
SOMS, and (c and d) swollen SOMS, (e) unswollen 1%Pd/SOMS,
and (f) swollen 1%Pd/SOMS
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3.3.2. Aqueous-Phase HDC of TCE over 1%Pd/SOMS:
Comparison to 1%Pd/Al2O3. Catalytic activity experiments in
the batch-mode at 50 bar and 30 °C were performed over 1%
Pd/SOMS and 1%Pd/Al2O3. Figure 9a shows that 1%Pd/
Al2O3 exhibited a plateau-type catalytic activity before reaching
100% conversion and the rate of HDC became zero after 4.5 h.
A first-order reaction such as HDC of TCE should reach
complete conversion in a batch-reactor unless there is a
deactivation and/or an inhibition effect.24,78−80 Similar
catalytic performances observed over 1%Pd/Al2O3 were
reported in the literature and attributed to the inhibition due
to the reaction product HCl.52

Although 1%Pd/SOMS exhibited lower catalytic activity
than 1%Pd/Al2O3, the rate of HDC of TCE over 1%Pd/SOMS
did not become zero. Continuous conversion of TCE was
maintained during the course of the reaction experiment,
indicating the absence of a complete deactivation effect due to
HCl.
Although the rate of the reaction did not become zero over

1%Pd/SOMS, the catalytic activity may still be inhibited by
chloride adsorption on the active sites. It is conceivable that
chloride accumulation on the active sites may inhibit the
catalytic performance if the reaction was continued further. It
is also conceivable that the observed catalytic activity may be
affected by the swellable nature of Pd/SOMS. Nevertheless,
the results are significant in showing the higher inhibition
resistance achieved over 1%Pd/SOMS in comparison with 1%
Pd/Al2O3 under the same reaction conditions.
3.3.3. Aqueous-Phase HDC of TCE over Pd/SOMS and Pd/

Al2O3: Experiments in the Presence of Ethanol. During HDC
of TCE, the swelling of 1%Pd/SOMS is induced by the
reactant TCE, which is also an organic swelling agent. It is
conceivable that the degree to which 1%Pd/SOMS is swollen
under reaction conditions changes throughout the reaction. In
a batch reactor, as TCE gets converted to the HDC products,
the total concentration of organics in the reaction medium
decreases. As a result, 1%Pd/SOMS shrinks in a manner

dependent on the concentration of TCE.9−11 This, in turn,
changes the accessibility of Pd NPs that were deposited inside
the swollen matrix, as evidenced by XPS, and were not
accessible to reactants in the gas phase, as evidenced by CO
pulse chemisorption. A strong evidence for variable accessi-
bility of Pd NPs with respect to the reaction environment is
presented in Section 3.2.1 by NAP−XPS. It is possible that the
catalytic activity observed over Pd/SOMS could be controlled
by the varied accessibility of Pd NPs throughout the reaction.
To examine this phenomenon further, activity experiments
were performed by varying the ethanol concentration. By using
different concentrations of ethanol, it was aimed to maintain
different extents of swelling of 1%Pd/SOMS matrix through-
out the reaction. As shown in Figure 9b, TCE conversion
obtained with 1%Pd/SOMS increased from 43% to 59% due
to the presence of 1% ethanol and from 43% to 79% due to the
presence of 10% ethanol in the reaction medium at the end of
120 min. With activity experiments performed in the presence
of ethanol, three observations were made: (i) having ethanol in
the reactor enhanced the observed catalytic activity of Pd/
SOMS, (ii) the observed activity increased with increasing
concentration of ethanol in the reaction medium, and (iii) the
conversion reached 100% when 10% ethanol was present in
the reactor and no plateau was observed.
Effect of ethanol was further examined by changing the

reaction parameters, including Pd loading, pressure and
reactant concentration, to ensure that the observed behavior

Figure 8. Catalytic activity data obtained over 1%Pd/SOMS at 50 bar,
30 °C, and 40 mLsolution/mgcatalyst (a) TCE conversion and (b)
selectivity of chloride-containing products with respect to the reaction
time.

Figure 9. Catalytic activity data showing TCE conversions over (a)
1%Pd/SOMS and 1%Pd/Al2O3 at 50 bar, 30 °C, and 40 mLsolution/
mgcatalyst, (b) 1%Pd/SOMS in absence and presence of 1% and 10%
ethanol in the reaction mixture at 50 bar, 30 °C, and 40 mLsolution/
mgcatalyst, (c) 0.5%Pd/SOMS and 0.5%Pd/Al2O3 in absence and
presence of 10% ethanol in the reaction mixture at 30 bar, 30 °C, and
10 mLsolution/mgcatalyst.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b01700
ACS Catal. 2018, 8, 6796−6809

6805

http://dx.doi.org/10.1021/acscatal.8b01700


was not limited to a specific set of parameters. Experiments
were performed over 20 mg of 0.5%Pd/SOMS or 0.5%Pd/
Al2O3 at 30 bar and 30 °C. It can be seen in Figure 9c that
having ethanol in the reactor significantly increased the TCE
conversion obtained over 0.5%Pd/SOMS. Presence of 10%
ethanol in the reaction medium increased the TCE conversion
from 42% to 97% at the end of 240 min of reaction duration.
When the effect of ethanol over 0.5%Pd/Al2O3 was

examined (Figure 9c), there were no discernible differences
in the TCE conversion whether the experiment was performed
in the presence or absence of ethanol. This finding is important
in showing that the enhancement effect of ethanol is unique to
the Pd catalyst supported over SOMS and not a general
promotional effect.
We attribute the positive effect of ethanol on the catalytic

activity to the changes in the accessibility of the active sites due
to swelling of Pd/SOMS. As the extent of swelling was
increased by increasing the concentration of ethanol, more Pd
NPs became accessible to participate in the reaction. This can
be considered a “stimulus-induced response of the active sites”
where the stimulus is the concentration of organic swelling
agents.
An alternative explanation of the enhancement effect could

be that ethanol may be facilitating the removal of HCl from the
vicinity of the active sites. Chaplin et al. reported that if Pd-
based catalysts are exposed to HCl at a concentration range of
700−2000 mol HCl/mol Pd during HDC, the catalyst
inhibition occurred. At concentrations lower than the above-
mentioned range, formation of HCl due to HDC did not result
in inhibition.25,36,52,81−85 Our batch reactor was operated
under such conditions that, if there is an inhibition effect due
to HCl, this effect could be experimentally observed. Since
such an inhibition effect was not observed in the presence of
ethanol, an activity increase due to more facile HCl removal
remains a possibility. Although such an enhancement effect of
ethanol was not observed over Pd/Al2O3, it should be noted
that the Pd sites on the alumina support are primarily on the
surface and the removal of HCl from the vicinity of the sites
can be achieved more readily.
It should, however, also be noted that a similar enhancement

effect of ethanol was reported when HCl inhibition was
negligible in our previous work in the liquid phase.18

Therefore, the observed activity increase achieved in the
presence of ethanol in the reaction solution is more likely due
to the enhanced accessibility of the active sites through
swelling. However, a combined effect, that is, enhanced
accessibility of the active sites and a more facile removal of
the HCl from the vicinity of the active sites, cannot be ruled
out.
Another important consideration about SOMS is its

hydrophobicity. It is conceivable that SOMS support provide
better resistance to poisons that are dissolved in water, by
repelling water. Considering that the dispersion of Pd NPs is
higher on Pd/Al2O3,

18 the higher activity observed over
swollen Pd/SOMS in comparison to Pd/Al2O3 signals better
resistance to HCl inhibition. Current efforts focus on exploring
deactivation-resistant characteristics of Pd/SOMS against
chloride and reduced sulfur species.

4. CONCLUSIONS
In this study, swellable organically modified silica was
demonstrated to be a novel catalyst scaffold with unique
characteristics for catalytic treatment of water contaminated

with trichloroethylene. The swelling capability of SOMS
allowed us to deposit Pd NPs inside the swollen matrix during
synthesis, which was carried out in the presence of organic
swelling agents. Pd NPs incorporated to SOMS exhibited a
“stimulus-induced response of the active sites” where the
stimulus is the concentration of organic swelling agents.
Catalytic activity experiments performed in the presence of
such agents (i.e., ethanol) showed that the catalytic perform-
ance improved with increasing concentration of the organic
swelling agent. This behavior was attributed to the enhanced
accessibility of the active sites due to swelling.
Having a supported catalyst with tunable accessibility of the

active sites induced by changes in the reaction environment
can have significant implications for heterogeneous catalysis.
Such a behavior of active sites opens the possibility of using
SOMS scaffolds for engineering “smart catalysts” for catalytic
reactions where this characteristic can be utilized. This unique
characteristic originates from the swellable nature of SOMS
upon exposure to organics and incorporation of Pd NPs inside
the swollen matrix of SOMS during synthesis. Therefore,
swellable counterparts of the commonly used catalytic
supports, such as alumina, ceria, zirconia, among others, may
emerge as a new class of catalytic materials, particularly for
catalytic water abatement. In addition, the need for more
investigations is clear to elucidate the effect of swelling and
stimuli-induced behavior of the active sites on the catalytic
performance and to develop rate expressions in which the
animated nature of SOMS is taken into account.
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(26) Ordo ́ñez, S.; Díez, F. V.; Sastre, H. Catalytic Hydro-
dechlorination of Chlorinated Olefins over a Pd/Al2O3 Catalyst:
Kinetics and Inhibition Phenomena. Ind. Eng. Chem. Res. 2002, 41,
505−511.
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